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nary syndromes. Specific pharmacologic therapy for
stunning is yet undefined because the underlying patho-
physiology remains incompletely understood.1,2
Mechanical therapy with a ventricular assist device
(VAD) for pressure-volume unloading has previously
been shown to reduce infarct size3-6 and to improve sur-
vival from otherwise lethal cardiac failure,7-11 but nei-
ther infarction nor cardiogenic shock (which results in sus-
tained myocardial hypoperfusion) reflects the known
pathophysiology of stunning.1,12 A direct effect of pres-
sure-volume unloading on recovery of truly stunned
myocardium has not been well established, and data
showing that postcardiotomy VAD support is often needed
for up to 10 days13 suggest, in fact, that mechanical thera-
py does not accelerate recovery of stunned myocardium.
M yocardial stunning, the persistent contractile defectassociated with ischemia-reperfusion, remains an
important problem in cardiac surgery and in acute coro-
Objective: Myocardial stunning remains a clinical problem without defin-
itive therapy. This study tested the hypothesis that mechanical therapy
with a ventricular assist device would accelerate recovery of contractil-
ity in stunned myocardium by increasing the postischemic myocardial
blood flow. Methods: Regional stunning was induced in dogs (25 kg) by
15 minutes of coronary occlusion and 180 minutes of reperfusion. One
group (ventricular assist device; n = 10) was reperfused in conjunction
with left ventricular unloading with a centrifugal-pump ventricular
assist device. A second group (control; n = 8) underwent unmodified
reperfusion. Hemodynamic and regional function data were acquired in
all dogs with the heart in the working state before and during ischemia
and after 180 minutes of reperfusion. Regional myocardial blood flow
was measured at these same intervals and after 30 minutes of reperfu-
sion, at which time the left ventricle was mechanically unloaded in ani-
mals with a ventricular assist device. Results: Regional stunning was
observed in all animals, but cardiogenic shock developed in none of
them. After 180 minutes of reperfusion, animals with a ventricular assist
device had greater systolic shortening in the risk segment than did con-
trol animals (11.5% ± 2.8% vs 1.1% ± 1.3%; P < .05) and had no dif-
ferences in either the slope or x-axis intercept of regional preload
recruitable stroke work relations compared with preischemic values.
Differences in contractile recovery did not correlate, however, with
postischemic myocardial blood flow. Hyperperfusion mediated by the
ventricular assist device was not observed in either stunned or remote
segments. Conclusions: Mechanical left ventricular unloading attenuates
regional myocardial stunning within 3 hours in normotensive dogs,
independent of effects on myocardial blood flow. The mechanism under-
lying this effect remains undefined, but these data support expanded use
of mechanical therapy for stunned myocardium in clinical settings. (J
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EFFECTS OF POSTISCHEMIC LEFT VENTRICULAR PRESSURE-VOLUME UNLOADING ON CONTRACTILE
RECOVERY AND MYOCARDIAL BLOOD FLOW IN THE REGIONALLY STUNNED CANINE HEART
We hypothesized that postischemic pressure-volume
unloading would accelerate contractile recovery of
truly stunned myocardium and would do so through an
effect on postischemic myocardial blood flow. We rea-
soned that decreased wall tension in the unloaded ven-
tricle would result in a substantial increase in myocar-
dial blood flow, particularly during systole. Although
stunning is not associated with persistent, postischemic
hypoperfusion, we believed that hyperperfusion might
accelerate energy-dependent cellular repair processes.
Methods
Instrumentation. Mongrel dogs (n = 18; approximately 25
kg), randomly assigned to control or VAD groups, were anes-
thetized with intravenous pentobarbital (200 mg/kg) and bar-
bital (26 mg/kg), intubated, and their lungs were ventilated
with supplemental oxygen. Normothermia was maintained
with heating blankets. Catheters were placed into the femoral
artery to measure blood pressure and into the femoral vein for
infusion of drugs and crystalloid solution. The heart was
exposed by a left thoracotomy and the left anterior descend-
ing coronary artery (LAD) was encircled with a silk thread
immediately distal to the first diagonal branch. A micro-
manometer-tipped catheter (Millar Instruments, Inc,
Houston, Tex) was inserted into the subclavian artery and
advanced retrogradely across the aortic valve to measure left
ventricular (LV) pressure. Two cylindrical, ultrasonic dimen-
sion crystals (Triton Technology, Inc, San Diego, Calif) were
embedded in the anterior LV free wall, approximately 1 cm
apart, to measure instantaneous free wall segment length in
the distal LAD territory (stunned segment). A second crystal
pair was embedded in the lateral LV free wall to measure free
wall segment length in the circumflex territory (remote seg-
ment). The crystals were connected to an ultrasonic dimen-
sion system (Crystal Biotech, Hopkinton, Mass). An ultra-
sonic flow probe (Transonics Systems, Inc, Ithaca, NY) was
placed around the pulmonary artery and connected to a
flowmeter (model T101; Transonics) to measure cardiac out-
put. A coronary flow probe (1.5 mm; Transonics) was placed
on the LAD immediately distal to the silk snare in several ani-
mals to measure instantaneous blood flow. A catheter was
inserted into the left atrium to measure pressure and to infuse
microspheres for measurement of myocardial blood flow. A
snare was placed around the inferior vena cava (IVC) to inter-
mittently vary preload.
Animals were heparinized (100 units of heparin per kilo-
gram, given intravenously) and cannulated for LV assist. A
34F drainage cannula (Research Medical, Inc, Salt Lake City,
Utah) was inserted into the left atrium and advanced across
the mitral valve into the left ventricle. A 6.5-mm inflow can-
nula (Sarns Inc/3M Health Care, Ann Arbor, Mich) was
inserted into the mid-descending thoracic aorta. Both cannu-
las were de-aired and connected to a nonpulsatile centrifugal-
pump VAD (Medtronic Bio-Medicus, Eden Prairie, Minn)
that was primed with approximately 200 mL of saline solu-
tion. Hematocrit value and arterial blood gases were moni-
tored throughout each experiment. Supplemental barbiturate
anesthesia was given as indicated by corneal and hemody-
namic reflexes.
Protocol. The condition of the animals was allowed to sta-
bilize after instrumentation. The LAD was then occluded by
snaring the silk suture. Lidocaine (30 mg) was given intra-
venously before ischemia and 100 mg was given during the
ischemic period. Ventricular fibrillation was treated as neces-
sary with direct-current countershock. The LAD snare was
released after 15 minutes and the segment was reperfused for
180 minutes. One group (VAD; n = 10) was treated immedi-
ately on release of the snare with LV pressure-volume
unloading. VAD flows in these animals were adjusted and/or
crystalloid solution was given as needed to maintain both car-
diac output and mean arterial pressure at preischemic values
and to maintain maximal LV unloading (defined by absence
of ventricular ejection on the arterial waveform and by a peak
LV pressure < 50 mm Hg). VAD flows varied, therefore, with
the individual animal’s baseline cardiac output but were usu-
ally maintained at 2 to 3 L/min. VAD support was terminated
after 165 minutes of reperfusion, and the condition of the ani-
mals was allowed to stabilize with the heart in the working
mode for 15 minutes. A second group of animals (control; n
= 8) underwent unmodified reperfusion for 180 minutes.
All animals were put to death at the end of the protocol by
inducing ventricular fibrillation in the presence of deep gen-
eral anesthesia. The heart was excised and immersed in
formalin. All animals received humane care in compliance
with the “Principles of Laboratory Animal Care” formulated
by the National Society for Animal Research and the “Guide
for the Care and Use of Laboratory Animals” prepared by the
National Academy of Sciences and published by the National
Institutes of Health (DHEW [NIH] Publication No. 85-23,
revised 1985). This study was approved by the Medical
College of Wisconsin Animal Care Committee.
Data analysis. Hemodynamic and regional dimension data
were collected at baseline, after 10 minutes of ischemia, and
after 180 minutes of reperfusion with the heart in the working
state in all animals. Data were digitized at 250 Hz per channel
and stored directly to computer disk with commercial software
(Codas, Akron, Ohio). Heart rate, mean arterial pressure, and
left atrial pressure were measured in triplicate during a steady
state and averaged. Right ventricular stroke volume was deter-
mined by integrating pulmonary artery flow on a beat-to-beat
basis and was assumed to be equal to LV stroke volume.
Cardiac output was calculated as the product of stroke volume
and heart rate. The first derivative of LV pressure with respect
to time (dP/dt) was used to define events in the cardiac cycle.
Steady-state systolic shortening (SS; percent) was defined
by the formula:
SS = (EDL – ESL)/EDL
where EDL is end-diastolic length and ESL is end-systolic
length. End-diastole was defined as the point 40 ms before
peak positive dP/dt and end-systole as the point 12 ms before
peak negative dP/dt.
Instantaneous pressure-dimension relations were analyzed
with commercial software (Mathcad 6.0 Standard Edition;
Mathsoft Inc, Cambridge, Mass). Contractility was defined
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by the regional preload recruitable stroke work (PRSW) rela-
tion as described by Glower and associates14 and modified by
us.15,16 In brief, a family of pressure-dimension loops was gen-
erated for each region using transient IVC occlusion to vary pre-
load. Regional stroke work (SW; mm Hg · mm) was defined as:
SW = ∫LV pressure · ∆d
where LV pressure is integrated over the period from end-
diastole to end-systole and ∆d = (EDL – ESL). Stroke work
was then plotted on a beat-to-beat basis as a function of end-






where DW is the dimension-axis intercept, and the slope (Mw;
mm Hg) of the relation varies directly with the contractile
state in a load-independent fashion.
Regional myocardial blood flow was determined in 6 con-
trol animals and 7 VAD animals with the use of radioactive
microspheres at baseline, after 10 minutes of ischemia, and
after both 30 and 180 minutes of reperfusion. Preliminary
assessment of instantaneous LAD blood flow with the coro-
nary flow probe demonstrated a marked hyperemic response
immediately on reperfusion that gradually returned to a sta-
ble level within 30 minutes in both groups. Accordingly,
microspheres were injected after 30 minutes of reperfusion,
while VAD animals were being assisted, to assess for differ-
ences in regional myocardial blood flow caused by LV
unloading. Approximately 1 to 2 million microspheres (16
m m diameter; 20 m Cu dose) were injected into the left atrium
after mechanical agitation, with a different isotope label
being used for each injection. A reference sample of blood
was withdrawn from the femoral artery at a constant rate of
7.5 mL/min, beginning 15 seconds before injection and con-
tinuing for 120 seconds. The heart was excised at the end of
the experiment and fixed in formalin for 48 hours.
Transmural samples of both ischemic and remote regions
were divided into epicardial and endocardial halves and then
divided in halves again to separate out the mid-myocardial
zones. Samples were weighed and counted for radioactivity
(Beckman gamma counter; Beckman Instruments, Inc,
Fullerton, Calif) with the reference blood samples. Blood
flow was calculated from radioactivity counts in milliliters
per minute per gram of tissue.
Statistical analysis. Differences that occurred over time
within groups were assessed by analysis of variance for
repeated measures followed by the Student-Newman-Keuls
test where significant differences were identified. The
unpaired Student t test was used to compare differences
between control and VAD groups. Paired t tests were used to
compare differences between stunned and remote regions in
the same animal. All data are presented as mean ± standard
error of the mean (SEM).
Results
Steady-state pressure-dimension data from represen-
tative animals are shown in Fig 1. Regional ischemia is
associated with marked diastolic lengthening and para-
doxic systolic bulging (stunned segment, both animals)
but has minimal effect on either remote segment func-
tion or aortic pressure. Mechanical unloading (VAD
animal, 30 minutes of reperfusion) eliminates aortic
pulsatility and markedly decreases peak systolic LV
pressure. Unloading also results in marked decreases in
the end-diastolic length of both remote and stunned
segments and minimizes systolic excursions. Diastolic
lengthening and systolic paradox persist throughout
unmodified reperfusion (control animal, 180 minutes
of reperfusion), but there is restoration to near-normal
end-diastolic length and systolic function in the VAD
animal at 180 minutes (after weaning from the device).
Mean steady-state hemodynamic data are summa-
rized in Table I. Regional ischemia resulted in
increased left atrial pressure in both groups but was not
associated with any changes in heart rate, mean arteri-
al pressure, or stroke volume. The ischemia-induced
increase in left atrial pressure was no longer observed
after 180 minutes of unmodified reperfusion (controls)
but persisted in VAD animals. A decrease in heart rate
was also observed during reperfusion in VAD animals,
but stroke volume and mean arterial pressure were
unchanged. Average mean arterial pressure during
assisted reperfusion was 91 ± 6 mm Hg, which did not
differ from pressure in control animals during reperfu-
sion.
Mean data for regional systolic shortening are sum-
marized in Fig 2. Preischemic shortening was less in
remote than in stunned segments of both groups, prob-
ably as a result of remote crystal placement closer to
the base of the heart. Ischemia resulted in similar
degrees of systolic paradox in the 2 groups (Fig 2, A),
with recovery after 180 minutes of reperfusion that was
greater in VAD animals than in control animals (P <
.05), but which remained less than preischemic values
in both groups. Small but unimportant differences in
remote segment shortening (Fig 2, B) were noted in
both groups. Table II shows mean results for regional
pressure-dimension analyses. Ischemia was associated
with negative stroke work values for all or most beats
during IVC occlusions in both groups because of sys-
tolic paradoxic wall motion (ie, ∆d < 0). The corre-
sponding values for the slope regression (M
w
),
although often greater than zero, are not believed to
reflect what would appear to be complete loss of con-
tractile function and are thus omitted. The value for
mean slope at 180 minutes of reperfusion is also omit-
ted for control animals, because only 1 animal had pos-
itive values for stroke work during IVC occlusion. All
VAD animals, on the other hand, had positive stroke
work values after 180 minutes, which allowed compar-
ison of slope regression (M
w
) with preischemic values
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and demonstrated complete recovery of contractility.
The x-axis intercept (D
w
), which reflects unstressed
segment length, was higher than preischemic values
after 180 minutes of reperfusion in control animals but
was unchanged in VAD animals. No differences were
observed in slope (M
w
) or x-axis intercept (D
w
) in the
remote segments of either group.
Mean data for regional myocardial blood flow are
summarized in Table III. Values for endocardial and
epicardial myocardial blood flow tended to differ only
slightly, with nearly identical patterns of change over
time. Ischemia was associated with marked decreases
in myocardial blood flow in the stunned segments in
both groups. Stunned-segment endocardial blood flow
tended to be increased in VAD animals after 30 minutes
of reperfusion (during ventricular unloading) but was
not statistically different from flow in either preis-
chemic animals or control animals. Remote-segment
myocardial blood flow was unchanged by LV unload-
ing. After 180 minutes of reperfusion (VAD animals
weaned from the device), regional blood flows were
unchanged from preischemic values in both groups.
Discussion
This study demonstrates that mechanical pressure-
volume unloading initiated immediately on reperfusion
directly enhances recovery of contractile function in
regionally stunned myocardium. Animals treated with a
VAD had greater recovery of regional systolic shorten-
ing after 180 minutes of reperfusion than did unassisted
controls, and they had normal segmental contractility on





The mechanism by which unloading accelerates con-
tractile recovery does not appear to result from associat-
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Fig 1. Representative pressure and regional dimension data from regionally stunned dogs subject to either unmod-
ified reperfusion (Control Animal) or postischemic left ventricular pressure-volume unloading (VAD Animal).
Stunned = Stunned segment dimension; remote = remote segment dimension; BP, aortic pressure; LVP, left ven-
tricular pressure; FWSL, free wall segment length.
ed effects on myocardial blood flow. We had hypothe-
sized that VAD therapy would accelerate recovery of
contractile function by increasing postischemic myocar-
dial blood flow beyond normal levels and would thus
improve oxygen delivery to energy-depleted areas. VAD
therapy has previously been demonstrated to increase
myocardial blood flow more than 2-fold in normal
dogs,17 perhaps by reducing systolic wall tension,18,19
but the present study failed to demonstrate VAD-mediat-
ed hyperperfusion of either stunned or normal (remote)
myocardium. Wei and Kusagawa20 have suggested that
autoregulatory mechanisms, which match myocardial
blood flow to oxygen demand, may prevent hyperperfu-
sion with unloading, although the integrity of these
mechanisms in stunned myocardium may be lost. Using
a coronary flow probe, we observed persistent systolic
reduction of instantaneous epicardial flow to near zero,
despite maximal ventricular unloading. This observation
may better explain the absence of VAD-mediated
myocardial hyperperfusion, which we postulated would
result mainly from increased systolic flow. The effect of
unloading on the net oxygen supply/demand ratio, even
in the absence of hyperperfusion, might still be expected
to accelerate recovery of stunned myocardium by reduc-
ing oxygen demand, although recent data indicate that
contractile function and oxygen use are uncoupled in
stunned myocardium.12,21,22
Plasma catecholamine levels were not measured
in this study, but the absence of hypertension and
the decrease in heart rate in VAD animals (Table I)
argue against an increase in catecholamine tone as a
mechanism for enhanced contractile recovery in VAD
animals.
The present data also suggest several interesting
effects of VAD therapy on passive diastolic properties.
Glower and colleagues23 have previously demonstrated
that reversal of diastolic creep, defined as an increase in
unstressed fiber length, parallels recovery of systolic
function in stunned myocardium. The x-axis intercept
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Table I. Mean (±SEM) hemodynamic data in regionally
stunned dogs undergoing unmodified (control; n = 8)
or assisted (VAD; n = 10) reperfusion
Before Reperfusion 
ischemia Ischemia (180 min)
Heart rate (beats/min)
Control 123 ± 8 118 ± 8 116 ± 9
VAD 120 ± 4 120 ± 5 100 ± 8*
Mean arterial pressure 
(mm Hg)
Control 106 ± 7 100 ± 6 109 ± 10
VAD 107 ± 7 100 ± 7 98 ± 7
Stroke volume (mL)
Control 21.4 ± 2.2 22.6 ± 2.0 16.7 ± 2.2
VAD 18.1 ± 2.2 18.3 ± 1.4 18.4 ± 1.6
Left atrial pressure
(mm Hg)
Control 6.7 ± 0.9 11.6 ± 1.1* 7.4 ± 1.0
VAD 8.1 ± 1.8 12.1 ± 2.5* 12.9 ± 2.7*
*P < .05 versus before ischemia.
A
B
Fig 2. Mean results (±SEM) for regional systolic shortening
in stunned (A) and remote (B) segments of regionally stunned
dogs undergoing unmodified (controls [n = 8]; white bars) or
assisted (VAD animals [n = 10]; black bars] reperfusion.
Preischemic shortening is greater in stunned segments in both
groups (P < .05), probably because of crystal placement at
different apex-to-base levels between segments. *P < .05 ver-
sus preischemic values; †P < 0.05 versus control animals.
(D
w
), which represents unstressed fiber length in the
regional PRSW relation, remained increased after 180
minutes of reperfusion in control animals in our study
(Table II), indicating persistent creep. Mean x-axis
intercept (D
w
) for VAD animals after 180 minutes,
however, did not differ from preischemic values, indi-
cating resolution of creep and suggesting a potential
mechanism for the effect of mechanical unloading on
recovery of contractile function. The persistent increase
of left atrial pressure in VAD animals after 180 minutes
of reperfusion (Table I) is also interesting, particularly
in the absence of increased end-diastolic segment
lengths in either stunned or remote segments. The
divergence of these diastolic pressure and dimension
data may be explained by an increase in LV stiffness,
which has previously been recognized by Komeda and
associates24 and which may result from myocardial
edema.25,26 Further investigation into the effects of LV
pressure-volume unloading on diastolic properties is
warranted, because they may have important implica-
tions for management of patients receiving mechanical
support.
Grundeman and coworkers27 previously demonstrat-
ed 94% recovery of systolic shortening in regionally
stunned myocardium with 6 hours of postischemic
VAD therapy. We have demonstrated herein that 3
hours of VAD therapy results in 64% recovery of sys-
tolic shortening, although regional PRSW slope, a
more sensitive index of contractility, recovered to
100% of preischemic function. The relationship
between duration of postischemic unloading and the
extent of contractile recovery in stunned myocardium
needs to be further elucidated, because it too would be
an important factor in clinical applications. It must also
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Table II. Mean (±SEM) slopes (M
w
) and x-intercepts (D
w
) of regional PRSW analyses from regionally stunned





Control VAD Control VAD
Stunned segment
Before ischemia 16.9 ± 3.2 18.5 ± 2.0 9.25 ± 1.1 9.83 ± 1.09
Ischemia NA NA 16.00 ± 0.80* 24.26 ± 7.51
Reperfusion NA 25.1 ± 3.8 13.95 ± 0.69* 11.05 ± 1.09
Remote segment
Before ischemia 20.3 ± 3.8 18.6 ± 2.1 12.17 ± 0.75 11.88 ± 1.00
Ischemia 19.2 ± 1.9 18.1 ± 2.3 12.34 ± 0.75 12.17 ± 1.01
Reperfusion 17.4 ± 2.6 16.4 ± 2.1 12.21 ± 0.83 12.08 ± 1.22
NA, Analysis not appropriate.
*P <.05 versus preischemia.
Table III. Mean (±SEM) endocardial and epicardial blood flows (mL/min per gram) in regionally stunned dogs
undergoing unmodified (control; n = 6) or assisted (VAD; n = 7) reperfusion
Before ischemia Ischemia Reperfusion (30 min) Reperfusion (180 min)
Endocardial blood flow
Stunned segment
Control 0.76 ± 0.19 0.07 ± 0.04* 0.63 ± 0.16 0.83 ± 0.21
VAD 0.85 ± 0.11 0.05 ± 0.02* 1.41 ± 0.40 0.91 ± 0.15
Remote segment
Control 0.92 ± 0.19 1.13 ± 0.26† 0.93 ± 0.11 1.37 ± 0.34
VAD 0.89 ± 0.11 1.23 ± 0.31† 0.99 ± 0.23 1.17 ± 0.15
Epicardial blood flow 
Stunned segment
Control 0.90 ± 0.21 0.10 ± 0.02 0.80 ± 0.11 1.08 ± 0.18
VAD 0.91 ± 0.13 0.12 ± 0.03* 1.03 ± 0.16 1.18 ± 0.25
Remote segment
Control 0.74 ± 0.18 1.42 ± 0.44† 0.77 ± 0.12 0.90 ± 0.20
VAD 0.79 ± 0.12 1.26 ± 0.51† 0.89 ± 0.15 1.20 ± 0.28
*P < .05 versus before ischemia.
†P < .05 versus stunned segment.
be determined whether delayed unloading after reper-
fusion would prolong the duration of support needed to
effect complete contractile recovery and to define the
limits of such a delay.
The model of regional stunning used in this study is
important for the absence of cardiogenic shock.
Cardiogenic shock results in persistent myocardial
hypoperfusion and is thus not consistent with the
pathophysiology of stunning.1,12 Improved survival and
functional recovery observed with VAD therapy in
many previous studies7-11 most likely result from pre-
vention of ongoing ischemic injury and not from accel-
erated recovery of truly stunned myocardium. The dog
is an accepted model of myocardial stunning, despite
the presence of a large coronary collateral system,
because stunning tends to be more severe in dogs than
in either pigs or baboons, both of which have less well
developed coronary collateral systems.28 Our data con-
firm that myocardial blood flow decreases to near zero
during acute coronary occlusion in the dog and that
postischemic contractile function remains markedly
depressed for up to 3 hours, despite restoration of nor-
mal myocardial blood flow. We did not perform histo-
logic or special staining tests to look for infarction in
this model, because others have previously demonstrat-
ed that a 15-minute coronary occlusion is not associat-
ed with myocardial necrosis in dogs.29
In summary, postischemic LV pressure-volume
unloading accelerates recovery of regionally stunned
myocardium within 3 hours. The effect of unloading on
systolic recovery appears to be independent of effects
on systemic hemodynamics and does not correlate with
changes in myocardial blood flow. Although the mech-
anisms underlying this observation remain unex-
plained, the current results support expanded use of
mechanical therapy for myocardial stunning. Further
investigation is needed to define involved mechanisms
and to refine strategies for the treatment of clinical
myocardial ischemia-reperfusion.
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